[1] A 4.5-layer model of the Indian Ocean coupled to a four-component (NPZD) ecosystem model is used to study the phytoplankton bloom in the Bay of Bengal during the Northeast Monsoon of 1996. The model realistically simulates the surface chlorophyll bloom observed by satellite-derived ocean-color images in the western Bay of Bengal during that time. It also reproduces the subsurface chlorophyll maximum present earlier in the fall. The terms in the phytoplankton equation for the model's mixed layer show that the surface bloom is caused by the entrainment not only of subsurface nutrients but also of phytoplankton from the subsurface maximum. To our knowledge, this study is the first to report enrichment of surface chlorophyll by entrainment of the subsurface maximum. Upwelling caused by Ekman pumping and mixed layer entrainment occurring over an already shallow thermocline drives the vertical fluxes. An intense wind event from 26 November to 5 December also generated favorable conditions for the formation of a phytoplankton bloom.
Introduction
[2] Phytoplankton play an important role in the global carbon cycle [Chisholm, 2000] . They also affect climate by modulating the sea surface temperature (SST) through the absorption of solar radiation, which is dependent on the vertical distribution of phytoplankton in the oceanic upper layer [Marzeion et al., 2005] . The concentration of phytoplankton in the ocean depends on the availability of nutrients dissolved in seawater and sunlight. In the tropics, the growth of phytoplankton is generally nutrient-limited, so that the supply of nutrients into the euphotic zone can trigger phytoplankton blooms. Therefore physical processes that inject nutrients into the euphotic zone from below are of prime importance. Examples of such processes are coastal upwelling, Ekman pumping in the ocean, and entrainment of nutrient-rich water from deeper depths into the mixed layer [McCreary et al., 1996a] .
[3] Biological productivity in the Bay of Bengal is believed to be considerably less than in the Arabian Sea, particularly during the summer monsoon [Kumar et al., 2002; Madhupratap et al., 2003] . A possible reason for this difference is that the Bay receives large quantities of freshwater from rainfall and rivers. The fresh water caps the upper layer of the northern Bay and neighboring coastal regions, leading to the formation of a barrier layer [Vinayachandran et al., 2002] that can affect thermodynamic processes in the mixed layer. Specifically, the strong stratification due to the barrier layer impedes the transfer of nutrients into the euphotic zone from below [Gomes et al., 2000] .
[4] Nevertheless, recent evidence from satellite-derived maps of chlorophyll a concentrations show that there are certain regions of the Bay of Bengal that exhibit phytoplankton blooms. Using ocean-color images, Vinayachandran and Mathew [2003] (VM) found that a phytoplankton bloom occurs in the southwestern part of the Bay of Bengal during the Northeast Monsoon. In this region, results from ocean general circulation models suggest that the ocean circulation is cyclonic, associated with doming of the thermocline [Vinayachandran and Yamagata, 1998 ]. On the basis of sea-surface-height anomalies from TOPEX/Poseidon and Ekman pumping calculated from wind stress, VM suggested that the influx of nutrients into the near-surface layer by Ekman pumping causes the bloom. They further suggested that cyclones can amplify these processes, leading to localized intense blooms. A much smaller cyclonic gyre is located to the east of Sri Lanka during the summer monsoon driven by Ekman pumping [Vinayachandran and Yamagata, 1998; Vinayachandran et al., 1999] , which is also associated with high phytoplankton concentrations [Vinayachandran et al., 2004] . Thus it appears that physical processes that can upwell nutrients from below can lead to high biomass concentration in the regions away from the coast. Gomes et al.
[2000] also noted from shipboard observations in the western Bay that physical processes that erode the strong halocline can enhance primary productivity. Recently, Kumar et al. [2004] noted that regions of cyclonic eddy activity in the Bay of Bengal are associated with higher biological productivity.
[5] In this study, we use an ocean circulation model of the Indian Ocean coupled to a four-component ecosystem model to simulate the phytoplankton bloom in the Bay of Bengal during the Northeast Monsoon, and to understand the biophysical process that lead to it. (Several prior studies have attempted to simulate the biogeochemistry of the Arabian Sea [see Hood et al., 2003, and references therein] . To the best of our knowledge, our study is the first attempt to model phytoplankton blooms in the Bay.) A brief description of the model is given in the next section. The model simulation is compared with chlorophyll a concentrations from ocean color images in section 3. The intense phytoplankton bloom simulated by the model is described in section 4, and the processes determining this bloom are examined in section 5. The subsurface chlorophyll maximum simulated by the model is described in section 6. A rather weak bloom that occurred in the northwestern part of the Bay is examined in section 7. We summarize our results in section 8.
Model
[6] The model used in this study is a 4 1 2 -layer physical model coupled to an NPZD biological model, which has been used successfully to simulate the biological fields in the Arabian Sea and to understand their underlying dynamics [McCreary et al., 1996a [McCreary et al., , 2001 Hood et al., 2003] . Details of the model have been presented in these papers and therefore only a brief description is given here. Details of the physical and biological aspects of the model are given by McCreary et al. [1993 McCreary et al. [ , 1996a McCreary et al. [ , 2001 and Hood et al. [2003] .
[7] The physical model has four active thermodynamic layers, overlying a deep inert ocean. The model layers correspond to a surface mixed layer (layer 1), a diurnal thermocline layer (layer 2), the seasonal thermocline (layer 3), and the main thermocline (layer 4). The diurnalthermocline layer allows the system to ''remember'' physical and biological variables when the mixed layer thins during the day [McCreary et al., 2001] . In order to keep the model numerically stable the thicknesses of layers 1, 2, and 3 (h i , where i is a layer index) are not allowed to vanish, but rather have minimum thicknesses of 10 m, 1 m, and 10 m, respectively. If a layer is at its minimum thickness, however, the model otherwise behaves as if it had vanished; for example, when h 2 = 1 m and there is entrainment into the mixed layer, water is passed directly from layer 3 through layer 2 into layer 1. Fluid transfers between layers by means of entrainment velocities, w i , across the base of each layer. The velocity across the base of the mixed layer, w 1 , is determined as in the Kraus and Turner [1967] mixed layer model, but includes extra terms to keep h 1 thicker than 10 m; the other entrainment velocities are active primarily when adjacent layers are at their minimum thicknesses [McCreary et al., 2001] .
[8] In each layer, the biological model represents nitrogen concentrations in four compartments, namely, inorganic nitrogen (N i ), phytoplankton (P i ), zooplankton (Z i ) and detritus (D i ). In each compartment, the concentrations are determined as a balance of advection-diffusion and sourcesink terms among these compartments. For example, phytoplankton concentrations in each layer i are determined by
where the second and third terms on the left-hand side of equation (1) describe horizontal advection and mixing, respectively,
contains the source and sink terms for the phytoplankton, and
represents almost all the vertical fluxes of phytoplankton, the exception being fluxes due to convective overturning and sinking that are not important in the Bay [Hood et al., 2003] . From left to right, the terms of S P i represent phytoplankton growth, grazing by zooplankton, and death. The terms of W P i represent phytoplankton fluxes arising from: entrainment from the layer below (term proportional to w i + ) and detrainment from the layer above (term proportional to w iÀ1 À ), where w i ± = w i q(±w i ), q is a step function; and background mixing at the rate g = 0.1 m/d.
[9] First, the physical model is spun up from a state of rest for a period of 5 years using climatological forcing fields. Wind forcing is determined from FSU pseudo-wind stress for the period 1990-1996, with wind stress calculated using an air density of 0.001175 gm/cm 3 and a drag coefficient of 0.0015. Climatological heat fluxes are calculated from monthly mean air temperature, specific humidity and solar radiation data derived by Rao et al. [1989 Rao et al. [ , 1991 and precipitation from Legates and Wilmott [1990] . Incoming solar radiation is modified to have a realistic diurnal cycle [McCreary et al., 2001] . Then the coupled model is spun up for another 5 years using the same forcing. From this initial condition, the coupled model is then integrated from 16 April 1996 to 31 March 1997 forced by twice-daily 10-m winds from ERA40 (http://www.era.int). Results for the Northeast Monsoon of 1996 are used for the analysis presented in this paper.
Comparison With OCTS Data
[10] The evolution of the model bloom in the western Bay of Bengal during 1996 is compared with ocean color images from OCTS (Ocean Color and Temperature Scanner) in Figures 1a -1b. Observed maps of weekly composite chlorophyll a ( Figure 1a ) at a resolution of 10 km were obtained from EORC, NASDA, Japan. The concentration of phytoplankton in the model mixed layer (P 1 ) is converted from mmolN/kg to mg chlorophyll a m À3 using a conversion factor of 1 (Figure 1b ). This is smaller than the value of 1.6 used by Hood et al. that can be derived assuming C:Chl-a ratios for phytoplankton vary from 30 to 80, respectively [Parsons et al., 1984] . We found that using a value 1.6 results in P 1 concentrations that are considerably higher than the observations e.g., the solid curve in Figure 2 would be larger by a factor of 1.6).
[11] Consistent with the observations, the solution shows very low levels of chlorophyll during November, a bloom during December, and its decay during January. Moreover, the spatial distributions of both observed and modeled blooms are concentrated in the western Bay, although the observed bloom appears as a collection of separate patches of varying concentrations because of the higher resolution of the satellite data (10 km) in comparison to the model (55 km). The model bloom peaks offshore, and it was noted by VM that observed chlorophyll values are generally higher offshore than they are at the coast [Gomes et al., 2000; Vinayachandran and Mathew, 2003] . Owing to cloud cover, satellite images do not reveal the complete evolution of the life cycle. In the model, maximum P 1 occurs in the southwestern part of the Bay during 5 -10 December (Figure 3 ).
[12] There are also notable differences between the observations and simulations. The high chlorophyll concentrations that develop in the northern and northeastern Bay during mid-December and their subsequent offshore spreading simulated by the model (Figure 3 ) are not seen in the data; this discrepancy possibly results form the model's lacking freshwater runoff from the Ganges-Brahmaputra river system, an influx that acts to thin the surface mixed layer in the northern Bay. The model also lacks high chlorophyll values along the coasts of India and Sri Lanka, likely owing to the model's lack of nutrients supplied by rivers. Finally, the patch of high P 1 southwest of Sri Lanka is considerably stronger in the model than in the observations.
[13] To all a quantitative comparison, Figure 2 plots chlorophyll concentrations averaged over the box (81.5°E-84.5°E, 9°N-12°N) from both model and observations. The standard deviation of the satellite data within this box for each weekly composites is also shown. Although the model simulation matches with the observations on the whole, the peak bloom is considerably stronger in the model. This discrepancy could be due to the inadequate sampling by the satellite. For example, OCTS data is not available during the period of the peak bloom in the model due to high cloud cover; therefore it is possible that highest chlorophyll concentrations are not represented in this data set. Of course, the discrepancy may also result from a variety of model limitations. In this regard, we examined the sensitivity of the model to different physical and biological parameters to obtain a solution that best matches the observations, eventually deciding to use the parameters selected by McCreary et al.
[1996a] (see section 6).
[14] Despite the differences in the central and northern regions of the Bay, the model is able to simulate the bloom in the southwestern Bay, at the same place and time as in the observations and with a comparable magnitude. This success encouraged us to examine the evolution of the model bloom in detail and to identify the processes that lead to its formation.
Model Bloom in the Mixed Layer
[15] Phytoplankton concentrations in the mixed layer (P 1 ) above 0.2 mmolN/Kg appear in the western Bay during the last week of November (Figure 3 ). There are two regions where P 1 exceeds 0.3 mmolN/Kg, in the southwestern and northwestern parts of the Bay. The P 1 values increase in the following weeks, with the region of high P 1 oriented in a southwest/northeast direction along the western Bay with two relative maxima. The stronger of the two is located in the southwestern Bay centered at 10°N, 82°E on 7 December 1996. The bloom weakens by the third week of December, first in the south and then in the north.
[16] The P 1 bloom is associated with an increase in nutrients in the mixed layer (N 1 ; Figure 4 and top panel of Figure 6 in section 5), with the increase in N 1 preceding that of P 1 by approximately a week. There are, however, striking differences in the evolution of N 1 in comparison to P 1 . The N 1 response develops in the western Bay in mid-November. A week later N 1 increases within this patch, the patch grows in size, and a small pocket with N 1 > 1.2 mmolN/Kg appears in the northwestern Bay. In the following weeks, although N 1 increases, the increase is confined mostly to the northwestern part of the Bay. In the southwestern Bay, where the P 1 bloom was fully developed, N 1 is it at its minimum. Conversely, N 1 remains high in the northwestern part of the Bay of Bengal through December and January, yet there is no corresponding increase in P 1 there in response to the large nutrient supply (Figure 3) . As discussed below, these differences result form the different mixed layer thicknesses in the two regions.
[17] Figure 5 shows the changes in mixed layer thickness (h 1 ) during the evolution of the phytoplankton bloom. During early November, h 1 is shallow almost everywhere in the Bay. By mid-November, it deepens in the western Bay. This deepening initially occurs away from the coast but toward the end of November very deep mixed layers (>80 m) are present all along the Indian coast, an indication of the East India Coastal Current (EICC) that flows southward at this time. Although upper ocean isotherms (layers h 1 + h 2 + h 3 in the model) should deepen toward the coast in response to forcing by the large-scale wind field [McCreary et al., 1996b; Shankar et al., 1996] , the mixed layer itself (h 1 ) typically remains thin, a consequence of the presence of low-salinity waters along the coast . This model deficiency is likely due to the lack of river discharge in the model. In the southwestern Bay, where salinity effects are much less, mixed layer depths are comparable to observations . There h 1 is less than 20 m, and during the occurrence of the bloom the mixed layer is extremely shallow there.
Processes
[18] The most intense bloom in the model occurs in the southwestern part of the Bay of Bengal. In order to examine this bloom in detail, we average quantities in a rectangular region enclosing this bloom (marked by a rectangular in Figure 3 ). The top panel of Figure 6 shows the evolution of P 1 , N 1 and h 1 within this box. The h 1 field begins to deepen on 10 November and continues to do so until 28 November. This deepening is accompanied by gradual increases in N 1 and P 1 . Then h 1 begins to thin on 29 November, reaching its minimum value on 4 December. The thinning is associated with a rapid increase of P 1 and decrease in N 1 that peaks during 5-6 December. Thereafter, N 1 remains at intermediate values of (>0.6 mmolN/Kg) until the end of January, despite weak fluctuations of h 1 with an amplitude of about 10 m.
Terms of P 1 Equation
[19] What causes the bloom in the model? To address this question, various terms of the P 1 equation, determined from equation (1) are presented in the middle panel of Figure 6 . The increase in phytoplankton in the southwestern Bay is controlled by the vertical flux (P1VF) of subsurface phytoplankton and by phytoplankton growth (P1P) within the mixed layer ( Figure 6 , middle panel). The major sink terms are the grazing by zooplankton (P1Z) and phytoplankton death (P1D) term. Advective (P1ADV) and mixing (P1MIX) terms are relatively small. During the rapid growth of P 1 from 29 November to 7 December, the vertical flux and growth terms contribute to P 1 growth almost equally. Although the vertical fluxes continues to increase until 15 December, P 1 decreases as a result of the decrease in the growth rate and due to sink terms. In summary, the P 1 bloom results from the entrainment of both nutrients and phytoplankton from subsurface layers. The latter process is surprising, a result of the existence a strong subsurface phytoplankton maximum earlier in the fall (Section 6).
[20] The phytoplankton growth rate in each layer is given by g P I i N i P i where the growth rate g P = 2.5 day
À1
, I i is the light response function (LRF), and N i is the nutrient response function (NRF) [McCreary et al., 2001] . These quantities are shown in the bottom panel of Figure 6 . The growth rate of P 1 (P1P) is slow when h 1 is thickening, but there is a rapid increase in growth when h 1 thins. The LRF shows only small fluctuations during the occurrence of the bloom. In contrast, NRF begins to increase gradually from 10 November with the deepening of the mixed layer and the resulting entrainment of subsurface nutrients. When h 1 thins from 29 November to 4 December, NRF shows a sudden fall, decreasing with the onset of the P 1 bloom due to grazing. We conclude that the entrainment of nutrients from below is the cause of the increase in growth rate. Terms from the N 1 equation (not shown), confirm that the increase of nutrients in the mixed layer results almost entirely from the vertical flux of nutrients from below.
Process Experiments
[21] To confirm that the processes identified above lead to the model bloom, we carried out various test runs modifying the terms of the P 1 and N 1 equations. Results are shown in Figure 7 . In Solution NoP1P, the phytoplankton growth term was deleted from the P 1 -equation, and P 1 decreased to less than half its amplitude in the control run. In Solution N1VF, the vertical flux of nitrogen into the mixed layer was deleted, and again P 1 levels are much lower than in the control run. In Solution NoP1VF, the vertical flux of phytoplankton was not permitted into the mixed layer. In this run, P 1 values surprisingly remained close to zero throughout the integration, demonstrating the critical importance of the vertical flux of subsurface phytoplankton in bloom development: A bloom does not develop despite the increase of nutrients in the mixed layer, a consequence of the phytoplankton growth rate depending on P 1 as well as N 1 .
Wind Forcing
[22] Figure 8 shows the wind speed (bottom panel) and Ekman pumping (top panel) in the southwestern and northwestern regions of the Bay. Ekman pumping and wind speed begin to increase in mid-November, at about the same time that P 1 begins to increase. Then there is a sudden increase in both Ekman pumping and wind speed at the end of November, with the Ekman-pumping velocity increasing to 1.6 m/day and wind speed reaching 10 m/s. During 6 -9 December, a cyclone passed across this region and crossed into India (VM). It is most likely that this cyclone, which is crudely represented in the ERA-40 wind field, led to the sudden increase in wind strength. The Ekman pumping acts to raise the thermocline and nutricline, and the strengthened wind speed increases entrainment from the shallow thermocline. Thus openocean upwelling followed by entrainment appears to be the mechanism that leads to the bloom in the southwestern Bay.
Subsurface Bloom
[23] The fact that there is a contribution to surface phytoplankton growth from the entrainment of subsurface phytoplankton points toward a source in deeper layers. Indeed, there is bloom in layers 2 and 3 as well. Figure 9 shows the distribution of phytoplankton in layer 3 (P 3 ), which corresponds to the seasonal thermocline in the model. Aweak bloom appears northeast of Sri Lanka during mid-November. It intensifies and spreads in the following 2 -3 weeks, leading to a strong bloom with concentrations of almost 2 mmolN/Kg in December. From shipboard observations, Gomes et al.
[2000] found that there is a subsurface chlorophyll maximum in the western Bay of Bengal during the Northeast Monsoon. In the observations, this maximum appeared in both southwestern and northeastern parts of the Bay, located somewhat below 50 m. In the model, the subsurface maximum occurs in layer 3, approximately the same depth range as in the observations. The simulated chlorophyll levels, however, are much larger in the model: Observations show chlorophyll levels in the range of 0.5 -0.8 mg m À3 , whereas model chlorophyll levels can be twice as large (Figure 9 ).
[24] We carried out a suite of experiments to determine the sensitivity of the model's subsurface plankton concentrations to various parameters. We find that P 3 levels reduce substantially when the zooplankton grazing rate is increased (Figure 10 ). Observed zooplankton grazing rates vary between 1 and 6 day À1 [Moloney and Field, 1991] , and the value used in the present study is g r = 2.5 day
À1
. Increasing g r to 4 day À1 reduced the peak value of P 3 from Figure 6 . (top) Evolution of N 1 (thin curve), P 1 (thick curve), and h 1 (dashed curve) during the northeast monsoon of 1996. (middle) Terms of the P 1 equation. Contribution to the local rate of change of P 1 (P1DT) by horizontal advection (P1ADV), mixing (P1MIX), vertical fluxes (P1VF), phytoplankton growth (P1P), phytoplankton death (P1D), and grazing by zooplankton (P1Z) are shown. (bottom) The light response function (LRF) and nutrient response function (NRF) that contribute to the phytoplankton growth curve in the middle panel. All curves are averages over the box SWB in the southwestern Bay of Bengal shown in Figure 1b , and daily data smoothed by a 5-day running mean is plotted.
1.1 mmolN/Kg to 0.7 mmolN/Kg, and the peak of P 1 reduced by about 0.2 mmolN/Kg. The P 1 values showed considerably large departure from the observations than in the control case during December and January (Figure 10 ).
[25] The life cycle of the P 3 bloom (Figure 10 ) is similar to the surface bloom, and it disappears toward the end of January. An important difference between the two blooms, though, is that P 3 is confined to the southwestern Bay (Figure 9 ) whereas significant P 1 values occur in the northwestern Bay as well. Also, the magnitude of the subsurface P 3 concentration is about twice larger than that of P 1 .
[26] The evolution of the P 3 bloom in the southwestern Bay is shown in the top panel of Figure 11 . There is a rapid increase in P 3 from mid-November that lasts for about 15-20 days, and thereafter it decreases gradually. The increase in P 3 is accompanied by thinning of layer 3 to its minimum thickness. This thinning is a consequence of entrainment into the mixed layer driven by the increased wind speed (Figure 8, bottom panel) , which thickens h 1 (Figure 6 , top panel), driving both h 3 and h 2 to their minimum thicknesses. Further entrainment into layer 1 then requires nutrient-rich layer-4 water to be entrained into layer 3 and passed on to the overlying layers [McCreary et al., 2001] . The terms of the P 3 equation indicate that the increase in P 3 is entirely due to growth within the layer (Figure 11, middle panel) . The LRF for layer 3 (Figure 11 , bottom panel) shows that, although the light level is low, it is still sufficient to permit growth, a consequence of the thermocline already being so shallow in the region [Vinayachandran and Yamagata, Figure 7 . P 1 for the box SWB (see Figure 1b) from various process experiments. The terms corresponding to phytoplankton growth and to vertical flux of nitrogen and phytoplankton into the mixed layer were deleted in experiments NoP1P, NoN1VF, and NoP1VF, respectively. 
1998
]. The growth of P 3 is associated with a sharp increase in NRF and N 3 beginning in mid-November (Figure 11 , top and bottom panels), so that the growth is driven by the entrainment of nutrients from layer 4.
[27] Thus the phytoplankton bloom in the southwestern region can be explained as follows. Because of the doming of the pycnocline in the southwestern Bay, layer 3 is shallow there (20 -40 m). As a result, enough light reaches layer 3 to allow phytoplankton growth. There is a large vertical flux of nutrients from layer 4 into layer 3, and this nutrient supply triggers the layer-3 bloom. In addition, the vertical flux continues all the way up to the mixed layer, transferring nutrient-and plankton-rich waters from layer 3 to layers 2 and 1. Such a sequence of processes may also occur in other regions with a thin mixed layer and shallow thermocline, such as the Costa Rica dome [Fiedler, 2002] , thereby enhancing subsurface and surface blooms.
Bloom in the Northwestern Bay of Bengal
[28] The bloom in the northwestern Bay is much weaker than in the southwest Bay, attaining its peak by midDecember. In this region, the mixed layer begins to deepen by mid-November and this deepening continues until early December when h 1 is about 65 m deep (Figure 12 , bottom panel). To understand the processes that lead to this bloom, we repeated similar analyses to the above for the region enclosed by 85°E-88°E, 15.5°N -18.5°N. In this box, although wind speeds were similar (Figure 8 , bottom panel), the Ekman pumping velocity was opposite in sign except for a few days during the cyclone (Figure 8, top panel) . As a result, the mixed layer was much deeper than it was in the south ( Figure 12 , bottom panel). In fact, both layers 1 and 2 began to deepen by 15 November and the mixed layer was almost 60 m deep by mid-December. Entrainment of nutrients into the layer 3, however, did not lead to a strong layer-3 bloom due to the low light levels there. On the other hand, phytoplankton growth was possible in layers 1 and 2, leading to the observed weak bloom in this region.
Summary and Conclusions
[29] Chlorophyll concentration images from satellite sensors show evidence for the occurrence of phytoplankton blooms in the southwestern part of the Bay of Bengal during the Northeast Monsoon. During this period, a cyclonic circulation prevails in this region, driven primarily by upward Ekman pumping. The physical processes that lead to the phytoplankton bloom is investigated using a 4 the model is able to simulate blooms similar to the observations. The model also simulates a subsurface bloom that is located at the top of the thermocline (in layer 3, the model's seasonal-thermocline layer), consistent with the subsurface chlorophyll maxima seen in hydrographic observations [Gomes et al., 2000] ; however, the modeled phytoplankton bloom is stronger than in the observations.
[30] Analysis of terms in the biological equations show that vertical fluxes lead to the mixed layer bloom, through the entrainment of both of nutrient-and phytoplankton-rich water. The injection of nutrients favors growth of phytoplankton within the mixed layer. Surprisingly, the entrainment of subsurface phytoplankton is critical: When this process is removed, the surface bloom is suppressed.
[31] The Bay of Bengal is believed to be a region of relatively low biological productivity compared to the Arabian Sea. This inference is based on shipboard observations that are rather sparse in both space and time. The low biological productivity can be understood in terms of the prevailing forcing and ocean circulation pattern that can enrich the euphotic zone by nutrients. During the spring, although good amount of light is available, the winds are weak and they possess an anticyclonic curl. The ocean circulation is anticyclonic, that is, characterized by a deep thermocline except near the western boundary [Shetye et al., 1993] . These conditions are not suitable for transfer of nutrients from deeper layers to the euphotic zone. During the summer monsoon, there is large input of freshwater and nutrients by rivers. Light levels, however, are low due to heavy cloud cover associated with the monsoon condition [Gomes et al., 2000] . Further, the strong stratification that exists between the mixed layer and the thermocline [Vinayachandran et al., 2002] inhibits upwelling of nutrients. These factors contribute to the low productivity during the summer monsoon [Gomes et al., 2000; Kumar et al., 2002] . In contrast, during the Northeast Monsoon there are high chlorophyll concentrations over a large part of the western Bay of Bengal, as seen from several years of satellite data [VM] and in hydrographic observations [Gomes et al., 2000] . Gomes et al. [2000] also noted that better light conditions prevail at that time than during the summer. These observations, as well as the modeling study presented here, suggest that productivity of the Bay of Bengal could be high during the Northeast Monsoon. Our analysis, as well as satellite data (VM), suggests that the intense wind events that are common during the Northeast Monsoon also play an important role in triggering blooms in the Bay.
[32] Annual fluxes of organic carbon have comparable rates in both Arabian Sea and the Bay of Bengal [Ramaswamy and Nair, 1994] . This is a paradox considering that the productivity of the Bay of Bengal is much less than the Arabian Sea. Kumar et al. [2004] argue that understanding the role of eddies in enhancing productivity might help to resolve this puzzle. We suggest that the chlorophyll bloom that occupies a large area of the western Bay of Bengal and that lasts for about two months is a more probable cause for the carbon flux. This issue needs Figure 10 . Sensitivity of the model phytoplankton in the southwestern Bay to increasing the zoo plankton grazing rate. (top) P 1 for the control run (thin solid curve) for run in which the grazing rate was increased (thick solid curve) and satellite data (dashed curve). (bottom) P 3 for the control run (thin solid curve) and for the run in which the grazing rate was increased (thick solid curve). Figure 1b , and daily data smoothed by a 5-day running mean is plotted.
to be addressed by additional, and more comprehensive, modeling studies and validated by observational data sets. Figure 12. (top) Plot of N 1 , N 2 , and N 3 , (middle) P 1 , P 2 , and P 3 , and (bottom) layer thickness averaged over a box in the northwestern Bay of Bengal. All curves are daily averages smoothed by a 5-day running mean. Note that the daily maximum values (not shown) of h1 and h1 + h2 closely tracks each other within 1 m, which is the minimum thickness of layer 2 [McCreary et al., 2001] .
